Abstract, The martensitic transformation behaviour, morphology and microstructures in copper-based shape memory alloys are strongly influenced by the post-quench heat treatments and ageing. Martensitic transformation initiates at a critical temperature and grows by the formation of martensite variants on cooling up to martensite finish temperature. These alloys are metastable at the matrix p-phase condition, and reversibility of transformation and formation of martensite variants from the matrix are related to the elementary mechanisms. The interfacial motion between martensite variants is also important in shape memory. Vickers hardness shows a trend to increase with holding duration at ageing temperature of 200°C for both alloys. Martensite plates have similar morphology in as-quenched and post-quench heat treated specimens, and growth units of two or four plates constitute selfaccommodating systems.
INTRODUCTION
Martensitic transformations are known as first-order phase transitions associated with a shape change in metals and alloys, and occur by a shear-like mechanism called invariant plane strain. The shape memory effect (SME) observed in a series of alloy systems [1-4] is a direct result of thermoelastic martensitic transformation. Shape memory alloys (SMAs) deform by variant-to-variant transformations in case they are stressed in the martensitic condition and the resultant variants transform to the parent phase on heating above the Af temperature, covering the original shape [5] .
Copper-based alloys exhibit shape memory in P-phase region which posses disordered structure A2 type at high temperatures. The p-phase alloys undergo two ordered structures B2 or DO3 on quenching and transform to multilayered martensite structures, 9R and 18R type, respectively, under further cooling to a temperature below M s [6] . In a single crystal of p parent phase, 24 martensite variants grouped around six {110}b cc matrix planes which consist of four different variants can be formed at temperatures below M s , and variants in a group always appear in a so-called self-accommodating martensite morphology. Self-accommodation mechanism is known to operate to minimize total shape change, and the shape change is therefore essential to martensitic transformation [7] .
In recent years, many researchers have studied the materials with reversible shape memory property, because of the convenience to design various actuators, shape memory devices, or the necessity of building a thermal engine since these alloys posses the ability to generate spontaneous changes of shape on thermal cycling. Therefore, there exists a lot of literature data on the mechanism and effect of different conditions of the SME in copper-based p-phase alloys and this subject still is the source of technological interest. This is due to the fact that degradation of the shape memory properties with thermal cycling [5] and the stabilization of martensite transforming above room temperature [4, 6] , and many discrepancies arise among the results obtained by many researchers and also caused by different interpretations of the results. On the other hand, shape memory CuZnAl alloys are very sensitive'to low and high temperature heat treatments which can strongly alter their transformation temperatures, martensite morphology and hardness due to the changes in the nature of the layered structures and formation of regions of stable aphase or changes in the configurational degree of martensite [8, 9] .
In the present study, the reverse transformation temperatures of two shape memory CuZnAl alloys were determined by means of differential scanning calorimeter technique. The changes occurring in the martensite morphology and hardness on ageing in the austenitic condition were also investigated by means of optical microscope observations and Vickers microhardness measurements, respectively. received state were prepared in 5 and 3 mm diameters, respectively. For the reverse transformation temperature measurements, calorimetric experiments were performed in a computer-controlled Shimadzu DSC-50 instrument at a rate of 50C a minute between 20°C and 80°C. A, and Af temperatures of both alloys were determined by the DSC measurements for first, second and third cycles.
For the metallographic investigations, the specimens have been solution treated in the P-phase condition (8200C for 30 minutes) for homogenization and quenched in iced-brine to retain the P-phase. These specimens have been aged in the austenitic condition at 200°C for up to 8 hours: All specimens 
RESULTS AND DISCUSSION
In order to determine the crystal structure of two CuZnAl alloys in the martensitic state, X-ray diffraction profiles were taken from the as-quenched powder specimens. The lattice parameters of Alloy 1 and Alloy 2 have been calculated as follows, respectively; a = 4.4152& b = 5.3380& c = 38.2066A and P = 88.30050, and a = 4.46744 b = 5.3276&,, c = 38.2364A and P = 88.77420.
The peaks observed in the X-ray profiles were identified as M18R martensite superlattice reflections and indexed on the monoclinic base. According to these results, the transformations from parent to martensite have been realized as D03+18R. The details related to the X-ray examinations have been given in a previous paper [9] . Martensite-+austenite transformation temperatures were determined by means of DSC technique for first, second and third cycles. These temperatures are shown on DSC profiles in Figure l(a and b) for Alloy 1 and 2, respectively. DSC curves which belong to the first reverse transformation cycle spread over a higher temperature range than the second and third ones (except for first Af temperature of Alloy 1, and the reason of this can not be explained). The first endothermic peaks are-centered at 53.30C and 42.30C for the samples of Alloy 1 and 2, respectively, while latter peaks are narrower than the formers.
A,, A, , and Af temperatures in the first cycle were measured to be 46.00C, 53.30C, 57.30C for alloy 1 and 37.70C, 42.30C, 53.30C for Alloy 2. These temperatures are the highest values according to the following cycles (except for Af value of Alloy 1). Some mechanisms for this strong stabilization of martensite after quenching have been proposed in literature: (i) pinning of martensite grain boundaries by quenched-in vacancy or vacancy clusters [10, 11] . The development of martensite. stabilization occurs more rapidly in the presence of vacancies quenched into the martensite from higher temperatures [12] . Boundary pinning is a short range effect and may be responsible for the martensite stabilization [5] . Any heat treatment that reduces the amount of vacancies also reduces the extent of such stabilization, and this interpretation is supported by decreasing of reverse transformation temperatures as seen from Figure l(a and b). (ii) Lowering of the martensite free energy by the reordering process in the martensite, and it is suggested that this process is assisted by the high vacancy concentration [8, 13] . This mechanism is supported by occurence of high Ad values for some selected X-ray peak pairs such as 122-202 and 128-208 in X-ray diffractograms taken from the as-quenched specimens as can be seen in a previous paper [9] . As seen from Figure I(a and b) , reverse transformation temperatures in second and third cycles return the normal values.
On the other hand, as shown in Figure l b the energy absorbed by the Alloy 2 specimen in first cycle has the highest value of 349.11mJ in convenience to the martensite stabilization, and this energy decreases to 285.93mJ and 262.14mJ in second and third cycles, respectively. On the contrary to these energies, the energy absorbed by Alloy 1 specimen in first cycle as shown in Figure l a is the lowest value of 15.46mJ according to the energies absorbed in second and third cycles realized as 74.38mJ and 69.64mJ, respectively. Figure 2(a and b) shows the optical micrographs of Alloy 1 aged at 200°C for 30 minutes after quenching and oT the Alloy 2 in the quenched case, respectively. As indicated by arrows on these figures, the most characteristic features of the martensite morphologies in CuZnAl alloys are the prevalence of groups of essentially parallel-sided plates. These types of martensite plates observed in some grains can be grown only in one dimension, i.e., in a direction perpendicular to the parentlmartensite interfaces [16] . It has been predicted that the number of the martensite plates formed in quenched material is directly proportional to the concentration of defects in the P-phase at the quench time [9] . The large groups of unique orientations within any grain of the parent P-phase observed in the figure may partially penetrate each other.
The plates observed in the grains in Figure 2 (a) and (b) have the different contrast and orientations.
It can be seen that these plates show a similar martensite morphology. Therefore, martensite morphologies are not strongly affected by ageing for 30 minutes in the austenitic condition at 2000C. The morphology seen in the middle region of Figure 3 is the self-accommodating martensite plates formed in as-quenched Alloy 2 specimen. This structure is also called as a diamond-shaped morphology in P-phase CuZnAl alloys which produce the martensites which have the long period stacking order structure. In a self-accommodating morphology, six kinds of variant groups are generated from a single crystalline PI phase and each of them consists of four different variants, each of which contains four C5-320 JOURNAL DE PHYSIQUE IV cooperating martensite variants which combined produce nearly zero macroscopic shape change [14, 15] . This enables the materials to deform under low stresses by means of variant coalescence, and this is also an important necessity to provide the SME. Thus, self-accommodating mechanism can also be defined as a mechanism to operate to minimize total shape change. The individual martensite plates are initially either very thin and parallel-sided or grow in broader units of two or four plates. The growth units of two or four plates constitute self-accommodating systems whose junction planes with the matrix are the conventional habit planes whereas their internal junction planes are twin planes of the martensite lattice ~91. Figure 4 shows quite intensive a-phase (equilibrium fcc) precipitates formed in Alloy 1 aged at 2000C for 8 hours. As pointed out by Shuchuan and coworkers [6] , for the fully aged martensite in CuZnAi alloys, any transformation does not occur during heating up to 1200C and precipitates of a-phase form as heating above 120°C. The volume of a-phase increases considerably above 240°C and the reverse transformation never occurs up to 3200C at which martensite is vanished [6] . The transformations occurring during the ageing treatment are the diffusional processes enhanced by an excess concentration of quenched-in vacancies. Due to the change of the chemical composition in the matrix, it has been expected that the precipitation of a or of other phases gives rise to a deterioration in the shape memory capability and decreases of the martensitic transformation temperatures. Due to this decrease, the temperature hysteresis of the reversible SME becomes the broader, which is related to the interaction of martensite interfaces with the precipitates and defects. The a-phase precipitates have not been observed in the specimens of Alloy 2 aged up to 8 hours at 200°C. This can be attributed to the lower content of aluminum of Alloy 2. However, Segui et a1 [I71 have observed the precipitates of y-phase in the aged CuZnAl alloys with higher content of aluminum. As the formation of precipitates during ageing treatment leads to an increase in resistivity as well as a deterioration in the shape memory capacity. The shape memory life may be approximately predicted by means of the ageing kinetics. Thus, the high shape memory life of CuZnAl alloys at elevated temperatures can be achieved by increasing the A1 content or lowering the Zn content. Figure 5 (a and b) shows the hardness measurements with the ageing time at 2000C for the Alloys 1 and 2, respectively. The four measurements taken after each ageing time can also be seen from these figures, and the hardness values for the same ageing time show a distribution. The reason of this distribution is that the measurements can be taken from different regions of specimens and an amount of deformation up to 5% can be caused by the deformation of martensite-domains during the loading of the Vickers pyramid [18] . The necessary force to deform the domains is less than the force needed to deform the martensite without this mechanism. The main factor for the increase in hardness after a deformation of more than 5% is hardening by means of dislocations.
As seen fYom Figure 5% the hardness of Alloy 1 gradually rises &om 147VH in the quenched state to 275VH after ageing for 8 hours at 2000C, and according to Figure 5b , the hardness for Alloy 2 rises from 196VH to 257VH under the same ageing conditions. According to these results, the percentage of increase of the hardness after ageing for 8 hours at 2000C are obtained as 88% and 31% for Alloy 1 and Alloy 2, respectively. These increases can be attributed to the formation of the equilibrium a phase with a disordered fcc structure, lattice defects and also the deformation of specimen during the loading of Vickers pyramid. Leu and Hu [I91 have observed the a and al phases in CuZnAl alloys with lower content of aluminum, and they have also observed the precipitates of y phase in the aged CuZnAl alloy with higher content of aluminum. 
